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INTRODUCTION
Technical advancements in real-time analysis of functional magnetic resonance imaging (fMRI) results has led to studies exploring the ability of individuals to use neurofeedback signals to modify behavior and regional brain activation (Beauregard & Levesque 2006; Caria et al. 2007; Weiskopf et al. 2007; deCharms 2008; LaConte 2011) . By using real-time fMRI (rtfMRI), human participants can be trained to regulate their brain activity in circumscribed regions in the presence of contingent feedback of blood oxygenation level-dependent (BOLD) response (deCharms 2008; Caria et al. 2010; Johnson et al. 2012) . The use of rtfMRI neurofeedback has been explored for therapeutic benefit in a number of diseases including pain (deCharms et al. 2005) , tinnitus (Haller, Birbaumer & Veit 2010) and anxiety disorders (Caria et al. 2010; Johnston et al. 2010) . Additionally, recent data indicate that modulation of neural activity based on neurofeedback can lead to changes in cognitive and motor performance (Johnson et al. 2012; Johnston et al. 2010; Hamilton et al. 2011 ), pain perception (deCharms et al. 2005 and language processing (Rota et al. 2009 ). These findings have intriguing implications for improved understanding and treatment of addictive disorders. However, to date, there have been no reports of rtfMRI feedback applied to addictions. For example, rtfMRI could provide insight into the functional role of circumscribed brain regions in addictive behavior via manipulation of brain systems activated during drug cue-induced craving.
A number of investigators have used neuroimaging techniques to explore regional brain activation associated with craving during the presentation of smoking-related cues in nicotine-dependent individuals (Brody et al. 2006 (Brody et al. , 2007 Hartwell et al. 2011) . Exposure to smokingrelated cues generally provokes activation in regions subserving attention including the anterior cingulate cortex (ACC) (Brody et al. 2004 (Brody et al. , 2007 , precuneus and cuneus (Brody et al. 2002; McClernon et al. 2005; Wilson et al. 2005; Smolka et al. 2006) , and areas involved in decision-making and goal-directed behavior such as the prefrontal cortex (PFC) (Zhang et al. 2011) . In an fMRI study recently conducted by our research group, smoking-related cues were associated with the increased activation of the PFC, orbital frontal cortex (OFC) and ACC (Hartwell et al. 2011) .
Recently, the search for a unifying concept of the functional nature of the ACC has become an important topic of research in cognitive neuroscience (Bush, Luu & Posner 2000; Brassen, Gamera & Büchela 2011 ). An important guiding principle about ACC function is that cognitive and emotional information is processed separately. Its two major subdivisions subserve distinct functions. These include a dorsal cognitive division and a rostral-ventral affective division. The cognitive division has been activated by cognitively demanding tasks that involve stimulus response selection in the face of competing streams of information, including color stroop tasks (George et al. 1993 (George et al. , 1997 . The affective division has been activated by affect-related tasks, including studies of emotional processing in normal healthy volunteers and symptom provocation studies in a number of psychiatric disorders. More recently, Azizian and colleagues demonstrated that smoking reduced conflict-related anterior cingulated activity in abstinent cigarette smokers during performing a stroop task. The study also suggested that exaggerated neural activity in the ACC during nicotine withdrawal may reflect a compensatory mechanism by which cognitive control networks expend excessive energy to support selective attention processes (Azizian et al. 2010 ). Hong and colleagues reported that restingstate dorsal ACC-striatum functional connectivity may serve as a circuit-level biomarker for nicotine addiction, and the development of new therapeutic agents aiming to enhance the d ACC-striatum functional pathways may be effective for nicotine addiction treatment (Hong et al. 2010) . These studies suggest that ACC may be a convergent structure pivotal for the diverse central nervous system effects of nicotine.
On the other hand, addiction also entails perturbations in cortically regulated cognitive and emotional processes, which cause the overvaluing of drug reinforcers at the expense of the undervaluing of natural reinforcers, and deficits in inhibitory control of drug responses (Goldstein & Volkow 2002) . As a result, an underperforming prefrontal system is widely believed to be crucial to the addiction process. Dysfunction of the circuitry could logically be related to inappropriate behavioral choices, such as drug seeding regardless of the potential negative outcome. Preliminary structural and functional neuroimaging studies have found that nicotine-dependent individuals show a relationship between abnormal neural responses in the PFC, OFC and ACC, nicotine exposure and craving levels (Domino et al. 2000a,b) . In an fMRI study recently conducted by our research group, when participants were instructed to resist the urge to smoke, there was activation in the superior and medial frontal cortex and the right middle PFC (mPFC), areas involved in associative learning and reward processing (Hartwell et al. 2011) . Therefore, these studies provide support for further research into the role of the PFC in nicotine craving and addictive behaviors.
In the present study, we explored the ability of nicotine-dependent cigarette-smoking adults to use rtfMRI neurofeedback to improve their ability to reduce their neural and subjective craving response to smoking cues. Based on the study by Hartwell and colleagues described earlier (Hartwell et al. 2011) , we hypothesized that using rtfMRI neurofeedback, smokers would decrease the BOLD signal in the ACC following instructions to 'reduce craving' and increase the BOLD signal in mPFC following instructions to 'increase resistance' to craving while viewing smoking-related cues in the scanner. These hypotheses are based on the idea that craving is associated with increased activity in the ACC and that the mPFC belongs to the cortical control system that can be used to resist craving (Brody et al. 2007; Hartwell et al. 2011) . Establishing a relationship between modulation of brain activity in critical brain regions and changes in craving would be helpful in defining the optimal parameters for the study of neurofeedback rtfMRI as a therapeutic tool for nicotine dependence.
METHODS AND MATERIALS

Participants
Healthy right-handed treatment-seeking, nicotinedependent smokers (Ն10 cigarettes/day) between 21 and 60 years old were recruited through local flyers, newspaper and Internet advertisements. All study procedures were performed in accordance with Good Clinical Practice Guidelines and the Declaration of Helsinki with (Sheehan et al. 1998 ) and a physical examination assessed current physical health. Exclusion criteria included the use of other tobacco products, current use of nicotine replacement therapy, bupropion, or varenicline, medical conditions or medications that could affect brain function, pregnancy, non-nicotine substance dependence or abuse, individuals with a history of psychiatric disorder, and current pending charges for a violent crime.
fMRI procedures
Overview
Participants were instructed not to smoke for 2 hours prior to the MRI scanning visit and thus were expected to have some degree of craving and responsiveness to the cues without the potential confound of a ceiling effect from prolonged abstinence. Subjects underwent four fMRI sessions within 1.5 hours (Fig. 1) , two without feedback designed to generate the regions to be used in feedback for that subject, and two sessions with feedback. A cue-induced craving region of interest (ROI) within the ACC was generated based on the first no feedback session during which participants were instructed to 'allow yourself to crave when you see the smokingrelated pictures'. Toward the end of this session, a threeslice ROI was selected for activation in the frontal region (using a t-value threshold of 3 and a cluster threshold size of 4 voxels) visually approximated to be the ACC (Fig. 2) . During the second session, participants received feedback via a thermometer driven by activity from the ACC region identified during session 1. Participants were instructed to decrease the feedback-thermometer rating by decreasing their craving. The third session was a no feedback session designed to identify brain regions employed while they resisted the urge to crave. Participants were shown smoking-related cues and were instructed to 'resist the urge to smoke when you see the smoking pictures by any means you find helpful'. Toward the end of this session, a three-slice ROI was selected for activation in the frontal region (using a t-value threshold of 3 and a cluster threshold size of 4 voxels) visually approximated to be the right mPFC. During the fourth session, the participants received feedback via a thermometer that was driven by activity from the area identified during session 3, the right mPFC. The participants were instructed to increase the thermometer reading by 'resisting' the urge to crave. Following the fMRI scan, participants underwent a brief structured interview to determine the strategies that they had employed to assist them in reducing or resisting the urge to smoke.
Cue presentation and craving measurements
Stimuli were adapted from previous smoking cue fMRI studies conducted by our group (Hartwell et al. 2011) 
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and were presented in a block design using standardized pictures of people smoking or engaged in matched neutral activities. Objects related to smoking (packages of cigarettes, ashtrays, etc.) and matched neutral objects (pencils, dishes, etc) were included. Pictures were obtained from Dr. Elliot Stein lab at NIDA (Geier, Mucha & Pauli 2000) along with updated images for contemporary salience. A 10-minute sequence for stimuli presentation consisting of a 132-second 'REST' period (crosshair fixation) followed by five 90-second epochs was presented after participants briefly handled and smelled a preferred brand cigarette. Each epoch contained three, 22-second blocks (one block of smoking related and one block of neutral images) and one block of rest (static crosshair) followed by a 4-second screen with a self-rating of craving using a hand-pad fitted on to the right hand and a 4-second with a biofeedback thermometer. Each 22-second block contained five individual pictures each displayed for 4.4 seconds. In order to control for time and order effects across participants, the order of individual pictures, blocks, and epochs were randomly presented (see Fig. 1 ).
fMRI data acquisition
Functional scanning was performed using a 3 Tesla MRI Trio (Siemens Medical, Erlangen, Germany). Each fMRI scan was acquired using a standard multislice single-shot gradient echo planar imaging (EPI) sequence with the following parameters: repetition time = 2.2 seconds, echo time = 35 ms, 64 ¥ 64 matrix, parallel imaging factor of 2, 3 ¥ 3 ¥ 3 mm voxels, 271 volumes, 36 ascending transverse slices with approximate anterior commissureposterior commissure alignment. After each volume was acquired, it was automatically exported in DICOM format from the MRI scanner computer to a separate computer for in-scan processing.
rtfMRI data processing
Online rtfMRI was made possible via a fast connection between the MRI scanner and the analysis/display computer. After acquisition and reconstruction, data from the scanner were sent to the analysis computer. Turbo-Brain Voyager (TBV) 2.0 software (Maastricht, The Netherlands) was used to perform real-time in-scan processing. Real-time prestatistical processing included motion correction and spatial smoothing using a Gaussian kernel of 8.0 mm full width half maximum. No feedback craving and resist baseline fMRI sessions were acquired to guide ROI placement (described earlier). Toward the end of craving baseline scan session, three-slice ROIs were selected for activation in the ACC (using a t-value threshold of 3 and a cluster threshold size of 4, see Fig. 2 ) as a target region. Similarly, toward the end of resist baseline scan session, three-slice ROIs were selected for activation in the right mPFC (Fig. 2) . The following settings were used for generating neurofeedback: average values to calculate feedback value = 6 timepoint for intermittent feedback paradigm, maximum percent signal change (PSC) of feedback bar = 5 (Fig. 1 ), general linear model (ROI-GLM) baseline enabled for stable baseline estimation, dynamic ROI enabled (using best voxel selection of top 33%); dynamic ROI effectively creates a sub-ROI to give better signal extraction from a coarse anatomical ROI selection and with small alignment errors with and between scan sessions. The resultant signal estimate for each incoming functional imaging volume within the selected ROI was 'fed back' to the participant using a 'thermometer' display by exporting the ROI from the analysis computer (running TBV software) to the presentation computer.
The thermometer value was a statistical measure of the difference between smoking and rest state in the ROI, which was calculated as follows: Feedback = (smokerest) / rest*100. The experimental paradigm and feedback were presented with a mirrored-projector system, with EPrime 2.0 software (Psychology Software Tools, Pittsburgh, PA,USA).
Off-line data analysis
All off-line fMRI data analysis was performed using Statistical Parametric Mapping software 8 (SPM 8, The Wellcome Department of Cognitive Neurology, London, UK; http://www.fil.ion.ucl.ac.uk/spm). MR scans were transferred into ANALYZE format with MRIcron (http:// www.sph.sc.edu/comd/rorden/mircro.html) and then further processed by SPM in Matlab 7.3 (Mathworks, Sherborn, MA, USA). Default settings were used unless indicated otherwise. All volumes were realigned to the first volume. After realignment, for all participants, movement across the 271 volume scan was less than 0.5 mm in three axes and less than 0.5 degree in three orientations. The images were normalized stereotactically into a standard space with a resolution of 3 mm 3 voxels using the averaged functional EPI image-the Montreal Neurological Institute EPI template. Subsequently, the data were smoothed with an anisotropic 8 mm 3 Gaussian kernel and high-pass filtered (cut-off period = 128 seconds). At the individual subject level, the data were modeled with three conditions (smoke, neutral, rest), each modeled by a boxcar convolved with a synthetic hemodynamic response function. The estimates of the participants' movement during the scan were also entered as confounds. Contrasts were constructed to examine smoke and neutral conditions versus rest.
Individual-specific contrasts were entered into a second-level analysis to obtain a random effect analysis of activation effects across the entire group (one-sample t-tests). The combined group t maps were thresholded at P Յ 0.005 uncorrected for multiple comparisons and cluster analyses were performed with a spatial extent threshold of 10 voxels.
ROI post hoc analysis
As TBV is an operational software with limited capacity for post hoc analysis, time series extraction was performed using SPM 8. Two approaches were used to extract time series: (1) using parameters to approximate the TBV setting and (2) characterizing data from all unfiltered voxels in the ROI. 'Easy ROI' (SPM extension tool) was used with spatially smoothed data to characterize data from all voxels in an ROI without temporal filtering. Brain volumes were then masked by the individual ROI created in TBV, and a time course of mean intensities from all voxels in the ROI was extracted. For time series extraction approaches, intensity values were converted to PSC with baseline defined as the average of volumes 51-60 (end of first REST period). The hemodynamic response to the 'SMOKE' period was temporally defined by the average time series of the no feedback ROI localizer scans.
RESULTS
General subject characteristics
Twelve treatment-seeking participants (eight women and four men) signed informed consent and 10 participants completed the study. One of them was terminated from the study for missing her appointments. The other was excluded after we learned after enrollment that he was involved in multiple other studies at the same time. The average age was 28.7 years [standard deviation (SD) = 10.9] and participants smoked an average of 14.5 cigarettes per day (SD = 4.69). The FTND scores were moderate with an average of 4.7 (SD = 2.49). Random exhaled CO levels were 15.3 p.p.m. (SD = 6.1) at the time of screening and 14.5 (SD = 8.3) at the time of scanning. Commonly reported strategies employed during biofeedback periods included distraction (n = 6), self-talk (n = 2), social support (n = 1) and contemplating adverse effects of smoking (n = 1).
Craving versus reducing craving with biofeedback from the ACC
ROI analysis
Through the reducing crave biofeedback training, the subjects were able to control the fMRI signal in the ACC. The primary index of controlling was the reduction in the fMRI signal between the baseline cue craving scan session and biofeedback scan session. Compared with baseline cue craving scan session, the mean PSC during the Nicotine and real-time fMRI 5 feedback scan session for all voxels was significantly reduced in the ACC [0.514 Ϯ 0.35 versus-0.941 Ϯ 0.57, t = 2.19; degrees of freedom (d.f.) = 9, P = 0.028; Fig. 3a ]. Within biofeedback scan session, through five biofeedback blocks, the subjects did consistently reduce the fMRI signal in ACC. Repeated measures analysis of variance (ANOVA) demonstrated that blocks two, three, and four were significantly decreased compared with the first block [F(4,44) = 3.725, P = 0.012)].
Real-time cue craving rating comparison between baseline craving scan and reducing craving neurofeedback scan
Compared with baseline cue craving scan session, the mean subjective cue craving rating score during the biofeedback scan session was significantly reduced (3.64 Ϯ 0.23 versus 2.82 Ϯ 0.23; t = 4.37, d.f. = 9, P = 0.002; Fig. 3b ). Furthermore, repeated measures ANOVA results showed that the cue craving rating score following the feedback scan was significantly less than the baseline cue craving rating in each block [F(1,19) = 19.07, P = 0.002].
Correlation of reduced craving rating and decreased PSC of ACC
A linear regression analysis examined the relation between the change of PSC in ACC and the resultant smoke cue crating in the scanner. The mean PSC of ACC during the feedback scans was significantly correlated to the mean cue craving rating within those five blocks (r = 0.957, P = 0.011, Fig. 3c ). That is, within the five blocks within the session, larger decreases in ACC activation were associated with greater reductions in subjective craving levels.
Whole brain analysis
Whole-brain random effect analysis on the contrast of smoke cue versus rest showed that cue-induced craving was associated with increased BOLD activation in several brain regions including bilateral occipital, ACC, nucleus accumbens, frontal cortex, parietal cortex and hippocampus, whereas there were no activated regions during the 'reduce craving' neurofeedback scan (P < 0.005, cluster size of 10 voxels; Fig. 2 & Supporting Information Table S1 ).
Increasing craving resistance with biofeedback from the mPFC
ROI analysis
'Resist craving' ROIs were individually created for each participant in the right mPFC. Through the 'resisting craving' biofeedback training, the subjects did not control 
Real-time cue craving rating comparison between baseline resistance scan and biofeedback scan
Repeated measures AVNOVA did not show any significant difference either between the resist baseline scan and the resist biofeedback scan or among the blocks [F(1,19) = 0.584, P = 0.676].
Correlation of increasing resistance cue craving and changed PSC of mPFC
Unlike with the 'reduce craving' scans, we failed to find a significant correlation between the subjective craving rating and middle frontal cortex PSC data during the 'resist' craving run (r = 0.316, P = 0.604).
Whole-brain analysis
Whole-brain random effects analysis on the contrast of smoke cue versus rest showed that resisting craving was associated with regional brain activation including the bilateral occipital, bilateral middle frontal cortex, bilateral insula, thalamus, medial frontal cortex. The biofeedback based on the increasing resistance signal did not produce significantly increased BOLD signal in target regions. The 'increase resistance' biofeedback scan led to activation in areas including the occipital, middle cingulate and parietal cortex (Fig. 2 & Supporting Information Table S1 ).
DISCUSSION
This study builds on a growing body of work suggesting that it may be possible to train individuals to control localized brain activation using real-time neuroimaging feedback (deCharms et al. 2005; Johnson et al. 2012; Johnston et al. 2011) . To our knowledge, this is the first study to apply this technology to nicotine-dependent individuals. Specifically, the present study suggests that cigarette smokers may be able to learn to exert deliberate, voluntary control over ACC activation using rtfMRI feedback with instructions to reduce their subjective craving to smoke. Interestingly, subjectively reduced cue-induced craving ratings during rtfMRI feedback significantly correlated with decreased BOLD signal in the ACC. In contrast, participants were not successful in increasing their mPFC activity with an 'increase resistance' command. This 'resist' instruction also failed to achieve a significant craving reduction.
This study suggests that smokers may be able to use neurofeedback to decrease activity in the ACC. This finding has potential clinical significance. Given that the ACC has been shown to be part of the reward system (Brody et al. 2002; Due et al. 2002; McClernon et al. 2005; McBride et al. 2006; Hartwell et al. 2011) , the current results are consistent with the formulation that through real-time neurofeedback training in smokers, ACC activity may become decoupled from activity in the reward network. These data, considered together with the finding that the therapeutic benefit of bupropion in smokers is associated with exogenous down-modulation of the ACC (Brody et al. 2004; Loughead et al. 2011) , suggest but certainly do not prove that ACC neurofeedback training may be useful in the treatment of nicotine dependence. The results are also consistent with the fact that surgical lesioning of the ACC can decrease drug consumption in morphine-and alcohol-dependent individuals (Kanaka & Balasubramaniam 1978) . While this study is critical in suggesting that individual smokers can modulate activation in the ACC with the aid of a neurofeedback signal, replication of this finding in a larger group of nicotine-dependent individuals is critical.
A linear regression analysis examined the relation between the deactivation level produced by neurofeedback in the ACC (percent fMRI signal change-PSC) and the subjective cue craving ratings. Interestingly, there was a significant correlation between the induced changes in ACC activation and the corresponding difference in cue craving ratings ( Fig. 3c ; P = 0.011). Previous studies have reported that reduced smoking cue-elicited craving correlated with brain activation change after treatment (Culbertson et al. 2011; Franklin et al. 2011 ). Franklin and colleagues found that varenicline diminished smoking cue-elicited ventral striatum and medial orbitofrontal cortex responses and reduced self-reported smoking cue-elicited craving (Franklin et al. 2011) . In another study, Culbertson and colleagues reported that treatment with bupropion was associated with improved ability to resist cue-induced craving and reduced limbic and prefrontal brain activity (Culbertson et al. 2011) . Consistent with the results of Culbertson's study, the current study results suggest that decreased smokingrelated ACC activity significantly correlates with reduced cue craving ratings. The consistency of findings related to ACC activation in these two studies investigating different modalities of treatment for nicotine dependence strengthen the evidence supporting the importance of the ACC in nicotine dependence. As such, the ACC may be an important area to target in future studies of rtfMRI feedback in nicotine dependence.
The potential therapeutic uses of rtfMRI neurofeedback are just beginning to be explored, and optimal paradigms for use are not well delineated. The mechanisms by Nicotine and real-time fMRI 7 which rtfMRI neurofeedback is translated into learned regulation of focal brain activation are as yet unknown. Cue-induced cigarette craving is associated with brain activation in the ACC, orbital frontal and medial frontal cortex, while resisting cue craving is associated with activity in the mPFC (Hartwell et al. 2011) . One important aim of this study was to explore different paradigms for rtfMRI neurofeedback by comparing neurofeedback from brain areas activated by craving, with the instruction to decrease activity, to feedback from brain areas activated during attempts to resist the urge to crave, with the instruction to increase activation. In contrast to the success of ACC neurofeedback accompanying the instruction to 'reduce craving', participants were not successful in increasing mPFC activity with the command to 'increase resistance'. In addition, the participants did not reduce their subjective ratings of cue-induced craving with the 'increase resistance' instruction and mPFC neurofeedback. This may be a result of the fact that middle frontal cortex activity is more closely related to higher cognitive function as compared with reward circuitry, and cue-induced craving may be more closely related to reward circuitry (Koechlin et al. 1999; Crone et al. 2006; Cutini et al. 2008) . Alternatively, it may simply be more difficult to increase activity in a cortical region than it is to reduce activity in the ACC and the different outcomes may result from the fact that these regions belong to different networks. A broader comparison of rtfMRI from other brain regions might be useful in clarifying some of these issues. In designing an rtfMRI study in craving, there are many plausible regions to feedback, either alone or combined. Unfortunately, in this study, we only examined two brain regions, with opposite BOLD signal directions, and two 'cognitive' commands. In addition, the 'increase resistance' sessions always followed the 'reduce craving' sessions in this study. Because the entire session was approximately 50 minutes long, subjects' inability to manipulate neural activity in the mPFC may have been a result of fatigue or anticipation of the end of the session and an opportunity to smoke. Clearly, future studies which control for order effects will be important in clarifying the best brain regions and instructions to be used in rtfMRI for nicotine dependence. Although the clinical implications are not entirely clear, the present results highlight an important point about ROI selection and training paradigm. There are several important issues that limit interpretation of the study results. The sample size for this study was small, so replication with larger groups of participants will be important. In addition, there is the absence of a sham feedback control group. However, the appropriate control group for a study of this type is unclear, and our group has demonstrated that false feedback is frustrating to participants and can produce neural activation that complicates data interpretation (Johnson et al. 2012) . As mentioned earlier, the order of scan sessions was not randomized, and the 'increase resistance' paradigm was always performed at the end of the series scans, so participants inability to modulate mPFC activity in response to this instruction may have been a result of fatigue or a 'ceiling' effect of craving. Additionally, we focused on two brain regions and two sets of instructions, so the results may have been different with a broader range of brain regions and participant instructions.
Additionally, the ACC region that we selected for feedback may be part of the 'default mode' network and subjects may be deactivating the ACC simply by engaging the brain in any task that is not 'default'. Further studies using resting bold and craving and feedback would be necessary to address this point.
In summary, the current pilot study is the first therapeutic application of neurofeedback rtfMRI to an addictive disorder. Using neurofeedback rtfMRI, nicotinedependent cigarette smokers were able to decrease the BOLD signal in their ACC and temporarily reduce subjective cue craving ratings. There was a significant and positive relationship between the decrease in craving ratings and the decrease in ACC activation. The present preliminary study is consistent with other studies in highlighting the role of the ACC in nicotine dependence and suggests a potential application of self-regulation of ACC activity in smoking cessation (Brody et al. 2002; Due et al. 2002; McClernon et al. 2005; McBride et al. 2006; Hartwell et al. 2011) . While much work remains to be done, this study shows promise for the development of rtfMRI as an innovative treatment strategy for nicotine dependence.
SUPPORTING INFORMATION
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